To date, little attention has been devoted to possible complementary effects of multiple forms of public information similar information on the foraging behaviour of predators. In order to examine how predators may incorporate multiple information sources, we conducted a series of predator attraction trials in the Lower Aripo River, Trinidad. Four combinations of visual (present or absent) and chemical cues (present or absent) from each of two prey species were presented. The occurrences of three locally abundant predatory species present within a 1 m radius of cue introduction sites were recorded. The relative attractiveness of cue type to each predator was directly related to their primary foraging modes, with visual ambush predators demonstrating an attraction to visual cues, benthivores to chemical cues, and active social foragers demonstrating complementary responses to paired cues. Predator species-pair counts were greatest in response to cues from the more abundant prey species, indicating that individuals may adopt riskier foraging strategies when presented with more familiar prey cues. These differences in predator attraction patterns demonstrate complementary effects of multiple sensory cues on the short-term habitat use and foraging behaviour of predators under fully natural conditions.
Introduction
The behavioural strategies adopted by participants in predator-prey interactions are often mediated by publicly available cues [1] conveying information with some degree of immediate contextual relevance to the receiver. Public, or non-species-specific, cues may convey qualitatively different information to and elicit quantitatively different behavioural responses from different receivers [2] . The relative importance of different types of public cues in predator-prey interactions may be mediated by interactions between receiver taxon and environmental constraints; for example, visual cues are typically limited by photoperiod [3] . In aquatic environments, visual and chemical cues have been identified as the primary sources of information eliciting short-term behavioural processes for both vertebrate (e.g., fishes, [4] ) and invertebrate (e.g., crustaceans, [5, 6] ) species. Although acoustic cues have been demonstrated to elicit behavioural responses in freshwater fish receivers under laboratory conditions [7] , the reliability of acoustic information may be limited under conditions of relatively high background noise, as in lotic systems.
Many groups of freshwater fishes produce chemical cues in the epidermis which are released into the water following mechanical damage, as would occur during a predation event [8] . Upon detection by conspecific receivers, these cues have been shown to elicit a suite of antipredator or alarm responses [9] in centrarchid [10] , salmonid [11] , cyprinid [12] , cyprinodontiform [2] , esocid [13] , and poeciliid [14] species. Due to their manner of release, these chemical cues cannot be manipulated by a predator and likely serve as reliable indicators of increased risk to receivers subject to similar predation pressures [15] , which is not always the case with potentially misleading visual cues [3] . Damagereleased chemical cues have been shown to elicit different responses from conspecific receivers differing in ontogenetic stage from the cue sender [16] , with similarly sized receivers demonstrating alarm or antipredator responses and larger receivers demonstrating behaviours consistent with foraging responses under laboratory conditions. Similar effects have International Journal of Zoology been observed in heterospecific receivers belonging to the same prey guild and subject to similar predation risks as chemical cue senders [17, 18] . Conversely, heterospecific receivers of larger size than the sender have demonstrated foraging responses following exposure to damage-released chemical cues under both laboratory [18] and field [19] conditions.
Due to the potentially ultimate costs incurred by failing to respond to ambient cues indicating elevated predation risk, the responses of prey to public cues have thus far received considerably more attention from researchers than have responses by predators [20] . In freshwater fishes, laboratory experiments have documented attraction responses to chemical cues from heterospecific prey [21] , while predators under natural conditions have demonstrated preferences for areas labelled with damage-released chemical cues over longer time scales (hours, [19] ). Recently, Lonnstedt et al. [22] demonstrated an attraction response in a predatory coral reef fish, the dottyback Pseudochromis fuscus to heterospecific damage-released chemical cues under fully natural conditions over short (minutes) timescales. In addition, under both natural and laboratory conditions, P. fuscus demonstrated a strong preference for chemical cues extracted from heterospecific donors belonging to the ideal prey size class [22] for gape-limited predators [17] . Similarly, Elvidge et al. [2] demonstrated significant positive linear relationships between foraging behaviours and receiver size in an opportunistic predator, Hart's rivulus Rivulus hartii, in response to chemical cues from Trinidadian guppies Poecilia reticulata. Together, these results indicate that damagereleased chemical cues provide predators with information about the availability and quality of potential prey.
In order to examine the effects of different combinations of visual and chemical cues indicating the availability of prey on the behaviour of predators in fresh water, the present study focused on short-term changes in local abundances of three predatory species differing in foraging modes to the cues of two cooccurring prey species. In general, we predict that multiple complementary cues indicating the presence of familiar prey species will result in greater local abundances of predators, with the relative contribution of each type of cue (visual or chemical) mediated by the typical foraging mode of the predator. [23] . The Lower Aripo is a species-rich, high-predation environment [24] with abundant P. reticulata and incidental R. hartii populations. These two prey species are nearly ubiquitous in streams in northern Trinidad but do not always cooccur [25] . Although R. hartii may grow to as much as three times the length of P. reticulata (R. hartii maximum standard length, L S , 100 mm, P. reticulata common L S 28 mm; [26] ) and P. reticulata can account for up to 10% of the diet of large R. hartii, in the presence of piscivores similarly sized P. reticulata and R. hartii are likely subject to similar predation pressures [17] .
Materials and Methods
Of the three predatory species examined, the pike cichlid Crenicichla alta is a solitary, visually foraging ambush predator and obligate piscivore which is considered the main predator of P. reticulata in Trinidad whenever they co-occur [25] . The blue acara cichlid Aequidens pulcher is a solitary forager which typically feeds on invertebrates and benthos, displaying only opportunistic piscivory [27] . The two-spot sardine Astyanax bimaculatus, by contrast, is a highly social and active forager [23, 26] , whose predominantly algaeand insect-based diet undergoes an ontogenetic switch to include opportunistic piscivory when individuals exceed ∼50 mm total length [28] . These three species likely account for the majority of predation pressure on P. reticulata and any incidental R. hartii within the study area [29] . Based on these differences in social behaviour and foraging mode, we predict that A. bimaculatus incorporates information received through both visual and chemical cues into their foraging decisions, while A. pulcher responds more strongly to chemical than to visual cues and C. alta responds primarily to visual cues.
Prey Cues.
Damage-released chemical cues were extracted from female P. reticulata (L S 27.6 ± 2.7 mm (mean ± SD), N = 18) and R. hartii (L S 42 ± 7.9 mm (mean ± SD), N = 8) donors collected from the Naranja River tributary (10 • 41 N; 61 • 14 W) approximately 6 km upstream from the observation sites in the Lower Aripo River using a beach seine net (length 2.5 m, height 1 m, mesh size 3 mm). Donors were collected from the Naranja River because intensive sampling via seine net did not find any R. hartii present at the study sites in the Lower Aripo during the course of the present experiment. Chemical cues from P. reticulata donors from the Naranja River have previously been demonstrated to elicit qualitatively similar responses to those of Lower Aripo donors [23] in conspecific receivers from either population.
Chemical cue donors were euthanized via cervical dislocation, measured (L S ), immediately decapitated behind the opercula, and had their tails removed at the caudal peduncle. Visceral tissues were manually extruded, and the remaining carcasses were mechanically homogenized in dechlorinated tap water, diluted to a final concentration of 0.1 cm 2 skin mL −1 , and filtered through polyester floss. This concentration of skin extract has previously been shown to elicit both antipredator and foraging behavioural responses in tropical stream fish under laboratory [30] and field [23] conditions. The chemical cues from each prey species, as well as a stream water control treatment, were packaged in 60 mL aliquots and frozen at −20 • C until use. Several female P. reticulata (L S 27.9 ± 2.9 mm (mean ± SD), N = 8) and juvenile R. hartii (L S 25.4 ± 4.8 mm (mean ± SD), N = 8) were retained from the pools of wild-caught chemical cue donors to serve as visual prey cues. Subjects were transported to the observation site and placed singly into clear plastic bottles (250 mL) that had been perforated to allow water exchange. The bottles were attached to 1 m lengths of wooden dowelling (1 cm diameter) by transparent fishing wire and held stationary in the water column approximately 5 cm off the substrate. The bottles were also presented empty to serve as a control treatment to the visual prey cues and provide estimates of ambient predator abundance in the presence of observers. Each site (N = 16) was presented with the four combinations of cues for each prey species (N = 8 trials per site) for a total of N = 128 observations. and the numbers of individuals of the three predatory species within a 1 m radius of the cue presentation site were recorded every 15 seconds. These predator counts were then averaged by species over the 5-minute observation periods. A similar protocol has previously been used to examine the predator inspection behaviour of free-swimming P. reticulata under field conditions [23] . The mean counts for each predatory species were subsequently examined as univariate responses in two-way nested ANOVAs with the chemical and visual prey cues as main effects, and replicated observation site nested within prey species. All analyses were conducted as linear mixed-effects lme models using the nlme statistical package [31] for R (version 2.12.1; [32] ). The models were then decomposed to determine the relative influence of model components on the variance in response using the varcomp command in the ape library [33] . Secondarily, the dataset was split into two parts by prey species and analyzed as univariate two-way ANOVAs to enable direct comparisons of the attractiveness of visual and chemical prey cues to each predator species. Additionally, in order to examine the possibility that the presence of the top predator, C. alta, at an observation site may have inhibited the attraction of the other predatory species to the area, predator species-pair counts were square-root transformed and compared using Pearson's correlation analyses.
Experimental Protocol and

Results
Predator Attraction.
In no predator versus prey species combination was there a significant interaction between chemical and visual prey cues on predator species counts (P > 0.05), so further analyses examined main effects of prey cue types only. Results of two-way nested ANOVAs on the attraction of each predatory species to the combinations of prey cues with observation site as a factor nested within prey species are presented in Table 1 . Despite the likelihood of a high degree of spatial heterogeneity in the distribution of predatory species in the Lower Aripo, observation site as a nested factor accounted for ≤21.7% of the variability in mean predator counts ( Table 1 ). The least spatial variability in predator counts was demonstrated by the highly active A. bimaculatus, with the less motile and solitary A. pulcher and C. alta demonstrating greater heterogeneity in their distributions throughout the study sites.
The response patterns of each predator to the chemical and visual cue combinations appear to be similar for both P. reticulata and R. hartii cues (Figure 1 ). Prey species accounts for 5-47% of the variance in mean predator counts within study areas with C. alta demonstrating the least difference in response between prey species and A. bimaculatus demonstrating the greatest difference (Table 1) . Overall, there appears to be a nonstatistically significant preference for the P. reticulata cues as suggested by the greater mean counts of predators within an observation radius relative to the R. hartii cues (Figure 1 ). Prey cue treatments (main effects) accounted for 52.7% of the variability in mean counts of A. bimaculatus and 73.1% of the variability in C. alta counts. As with the effect of prey species, the portions of variance in A. pulcher responses (65.4%) were intermediate relative to the other two predators.
As predicted by its primary foraging strategy, Crenicichla alta, a visual ambush predator, was observed in greater numbers when presented with visual cues indicating foraging opportunities of either P. reticulata (F 1,46 = 24.3, P < 0.0001; Figure 1(a) ) or R. hartii (F 1,46 = 8.78, P = 0.0057; Figure 1(b) ); although its response to P. reticulata visual cues appears to be greater than to those of R. hartii, the difference is nonsignificant. Crenicichla alta did not demonstrate any attraction to chemical cues from either prey species (P > 0.05). This is in keeping with its foraging strategy of ambush hunting, as diffusive chemical cues may not reliably indicate the location of potential prey to visual predators.
Aequidens pulcher responded to both P. reticulata (F 1,46 = 6.52, P = 0.014; Figure 1(c) ) and R. hartii (F 1,46 = 6.25, P = 0.016; Figure 1 the chemical but not the visual cues of both prey species is in keeping with the prediction that the importance of chemical cues is greater than visual cues for a bottom-feeding detritivore.
Astyanax bimaculatus demonstrated a response to P. reticulata visual cues (F 1,46 = 11.7, P = 0.0013; Figure 1 (e)) but not to R. hartii visual cues (P > 0.05) and responded to the chemical cues of both prey species (P. reticulata: F 1,46 = 21.3, P < 0.0001; R. hartii: F 1,46 = 16.9, P = 0.0002; Figure 1(f) ). Additionally, the response by A. bimaculatus to complementary chemical and visual cues of both prey species appears to be approximately additive (Figures 1(e)  and 1(f) ). This social foraging species was alone in this study in demonstrating complementary responses to both types of sensory cues indicating the presence of potential prey.
Predator
Interactions. During trials involving P. reticulata cues, the mean counts of C. alta were positively correlated with the counts of both A. bimaculatus (P = 0.0007; Figure 2(a) ) and A. pulcher (P = 0.017; Figure 2(b) ). Conversely, there were no relationships between the speciespair counts in trials involving the cues of the less locally abundant R. hartii (Figure 2 ).
Discussion
These results demonstrate the importance of foraging mode in determining the relative influence of different types of prey cues on predator behaviour and habitat use. Introducing chemical and visual prey cues resulted in increased local abundances of predators, with the demonstrated responses of each species to the cue combinations varying with the primary foraging mode of a predator. Predators involved in this study appear to respond more strongly to cues of the more locally abundant prey species, P. reticulata, particularly in the case of the top predator C. alta.
The importance of foraging mode in determining the relevance of prey cue type on predator behaviour in the present study may provide an explanation for earlier findings that damage-released chemical cues did not function as predator attractants. Specifically, Cashner [34] found that juvenile spotted bass Micropterus punctulatus did not demonstrate an attraction to the chemical cues of a suite of sympatric prey species. However, M. punctulatus may rely more on visual cues than chemical ones, as this species tends to be actively foraging, solitary predators. Although Chivers et al. [35] demonstrated attraction of the visually foraging, ambush predator northern pike Esox lucius to the chemical cues of fathead minnows Pimephales promelas; their experiment involved releasing chemical cues over a 30-minute period. Similar experiments have been conducted over even longer timescales (hours, [19] ). The present study involves five-minute observations, which may be a more ecologically relevant timeframe due to the mechanism of release and intransigence of damage-released chemical cues. Interspecific trophic differences may also be insufficient to predict responses to heterospecific chemical cues. In addition to intraspecific differences in predator behaviour and prey size preference [36] , recent findings [2] have established a relative size threshold between antipredator and foraging responses to damage-released chemical cues (predator L S > 150% prey L S ; [17] ) as well as the ability of predators to determine prey quality and condition from information conveyed by these cues. Earlier studies (e.g., [34] ) may have failed to include predators above such a relative size threshold or chemical cue donors of ideal size or condition and consequently were not able to elicit foraging responses in heterospecific receivers. International Journal of Zoology As the top fish predator in this section of the Aripo River [25] , C. alta preys upon smaller individuals of both of the other predatory species involved in this study and is likely to compete for forage opportunities with larger heterospecific size classes. Likely as a result of these predatory and trophic interactions, A. bimaculatus and A. pulcher are rarely observed in close proximity to C. alta (personal observations), whose presence may indicate relatively high levels of risk. The presence of significant linear relationships between predator species-pair counts in response to P. reticulata cues and insignificant relationships in response to R. hartii cues is consistent with the notion that predators generally display greater attraction responses to the cues of more abundant or familiar prey species. This observation may imply that A. bimaculatus and A. pulcher adopt riskier foraging strategies and enter potentially more dangerous areas when presented with more familiar foraging opportunities, increasing the likelihood of encountering C. alta and potentially incurring the risks of interspecific competition and/or predation. An adaptationist hypothesis for the evolution of this damagereleased chemical signalling system is that, in addition to the survival benefits accrued to conspecific chemical cue receivers through antipredator behavioural responses, chemical signalling may be advantageous to the sender by attracting secondary predators [15] . The differences in localized species-pair abundances in response to less familiar prey cues described above lend some support to this predator attraction/interference hypothesis, in that predators of lower trophic levels appear to avoid predators or competitors of higher trophic levels, sacrificing foraging opportunities in the process.
Prey fishes may experience increased mortality under conditions which eliminate sources of information on the level of predation risk (e.g., damage-released chemical cues lose functionality at pH < 6.6; [37] ). The attraction of predators to heterospecific chemical cues demonstrated in the current study suggests that predators may be similarly deprived of information on the presence and quality of foraging opportunities under certain environmental conditions. Predators similarly deprived of sensory information may consequently experience negative fitness consequences. The differences in response in predator species and species-pairs to cues from different prey suggest directions for further research into both the fitness benefits accrued from the use of information on prey availability as well as the interactions between predator species in the context of predator interference.
